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HIGHLIGHTS 


►  Ca— Sm— Ce  mixed  oxides  were 
synthesized  via  cellulose  templating 
method  firstly. 

►  Maximum  solubility  limit  of  CaO  in 
Ce02  was  found  to  be  9.4  mol%. 

►  It  was  observed  that  Sm+3  expands 
the  Ce02  lattice  more  than  Ca+2. 

►  Conductivity  of  Sm0.iCa0.iCe0.8Ox 
was  found  to  be  0.032  S  cm  ^  at 
800  °C. 
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SmxCao.2-xCeo.8O3/  materials  are  synthesized  by  changing  mol  ratios  of  the  composition  as  x  =  0,  0.05,  0.1, 
0.15  and  0.2,  respectively,  with  a  fast  and  facile  cellulose  templating  method  for  the  first  time.  Micro¬ 
structures  of  the  calcined  and  sintered  samples  are  characterized  by  XRD  and  SEM-EDX.  Density 
measurements  are  actualized  by  using  Archimedes  method.  The  electrical  conductivity  of  the  samples  is 
obtained  from  two-probe  impedance  spectroscopy.  Maximum  solubility  limit  of  CaO  in  Ce02  is  found  to 
be  9.4  mol%  from  the  XRD  results.  Incorporation  of  CaO  slightly  increases  the  sinterability  of  the  samples. 
It  is  observed  that  Sm+3  expands  the  Ce02  lattice  more  than  Ca+2. 10  mol%  CaO  incorporated  sample 
show  the  highest  total  conductivity  with  the  value  of  0.032  S  cm-1  at  800  °C.  Obtained  results  show  that 
Smo.1Cao.1Ceo.8O3/  can  be  an  excellent  candidate  for  intermediate  temperature  solid  oxide  fuel  cell 
applications  due  to  its  lower  cost  and  higher  performance  compared  to  Smo^Ceo.sOj/  at  800  °C.  Addi¬ 
tionally,  cellulose  templating  method  can  be  used  as  an  effective  method  in  order  to  prepare  mixed  oxide 
structures  since  the  performances  of  the  samples  are  higher  than  the  samples  which  are  prepared  by 
more  complex  or  costly  hydrothermal  and  co-precipitation  methods  in  literature. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  can  provide  efficient  and  clean 
energy  conversion  in  a  variety  of  applications  ranging  from  small 
auxiliary  power  units  to  large  scale  power  plants  [1].  While  the 
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current  SOFC  technology  requires  high  temperatures  (800-1000  °C) 
due  to  the  usage  of  high  temperature  ionic  conductive  electrolyte 
materials  such  as  8  mol  %  Y203-stabilized  Zr02  (8YSZ),  is  still 
expensive  for  SOFC  applications.  It  is  necessary  to  lower  the  oper¬ 
ating  temperature  so  as  to  minimize  chemical  instability,  lack  of 
flexibility  in  selection  of  materials  and  thermal  expansion  mismatch 
between  anode-electrolyte  or  electrolyte-cathode.  Thus,  inter¬ 
mediate  temperature  SOFCs  (IT-SOFCs)  are  quite  attractive.  The  key 
requirement  for  the  IT-SOFC  is  the  electrolyte  material  which  has  to 
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be  a  good  ionic  conductor  to  minimize  cell  impedance,  but  also 
shows  little  or  no  electronic  conduction  to  minimize  leakage 
currents  and  stable  under  operating  conditions. 

Rare-earth  doped  ceria  Cei_xMxOy  (M  =  Sm,  Gd)  (known  as  SDC 
or  GDC)  where  x  =  0.15-0.20  have  been  considered  as  promising 
oxide  electrolytes  for  IT-SOFCs  due  to  higher  values  of  ionic 
conductivity  than  8YSZ  in  the  temperature  range  500-700  °C 
[2-4].  However,  from  the  viewpoint  of  material  expenses  and 
stability,  both  Gd  and  Sm  are  very  costly  and  these  ceria  based 
electrolytes  are  not  stable  under  reducing  conditions  due  to  the 
reduction  of  Ce+4  to  Ce+3  [5,6].  Hence,  there  is  an  increasing 
interest  to  identify  and  develop  new  ceria  based  oxides  using  cost- 
effective  dopants  for  technological  applications. 

Amongst  many  alkali  or  earth  alkali  oxide  dopants,  Ca  doping 
not  only  increases  the  total  conductivity  also  enhances  the  stability 
of  the  SDC  electrolyte.  Thus,  introduction  of  CaO  into  the  SDC 
matrix  could  be  an  effective  solution  as  claimed  by  several  authors 
[7-10]. 

Therefore,  in  order  to  investigate  the  effect  of  calcium  doping  we 
synthesized  SmxCao.2-xCeo.sOy  materials  by  changing  mol  ratios 
of  the  composition  as  x  =  0,  0.05,  0.1,  0.15  and  0.2,  respectively, 
with  a  fast  and  facile  cellulose  templating  method  for  the  first  time. 

2.  Experimental 

2.1.  Preparation  of  Ca—Sm—Ce  mixed  oxides 


Smo.2Ceo.8Oy  (20SDC),  Smo.15Cao.05Ceo.8Oy  (5Ca),  Smo.iCao.i_ 
Ce0.8Oy  (lOCa),  Sm0.05Ca0.15Ce0.sOy  (15Ca)  and  Ca0.2Ce0.sOy  (20Ca) 
were  prepared  according  to  the  cellulose  templating  method  re¬ 
ported  in  the  literature  [11].  Briefly,  Ce(N03)3.6H20 
(Sigma— Aldrich,  99%),  Sm(N03)3.6H20  (Sigma-Aldrich,  99.9%) 
and/or  Ca(N03)2.4H20  (Sigma-Aldrich,  >99%)  were  dissolved  in 
water  and  0.35  M  solutions  were  prepared  so  as  to  obtain  the 
desired  compositions  of  the  final  product.  The  solutions  were 
carefully  dropped  onto  round  ashless  filter  paper  with  125  mm 
diameter  and  0.2  mm  thickness  (Macharey— Nagel,  MN  640  de, 
<2  pm)  in  the  ratio  of  1  ml  liquid  per  filter  paper.  Subsequently, 


without  drying,  the  impregnated  filter  papers  were  transferred  into 
a  preheated  muffle  oven  (500  °C),  waited  for  30  min  and  then 
calcined  at  800  °C  for  6  h  in  air.  Remaining  pure  mixed  oxide  sheets 
were  grounded  by  using  mortar  &  pestle.  All  Ce-based  powders 
were  isostatiscally  cold-pressed  under  200  MPa.  Obtained  pellets 
were  sintered  at  1200  °C  for  6  h. 


2.2.  Characterization  of  the  samples 


Room  temperature  X-ray  diffraction  patterns  of  the  calcined 
powders  were  revealed  by  using  Rigaku  D/Max-2200  diffractom¬ 
eter,  using  a  nickel  filtered  CuKa  (A  =  0.15,406  nm)  radiation.  The 
results  were  taken  over  the  range  of  2 6  angles  from  10°  to  90°  at 
a  scanning  rate  of  1°  min-1.  The  average  crystallite  diameter  of  the 
calcined  samples  was  calculated  by  using  the  Scherrer  method, 
dNi=JCA//?  cos  0,  where  the  constant  I<  was  taken  as  0.9,  (3  was  the 
FWHM  of  the  (111)  plane  and  6  was  the  related  angle  of  this  plane. 
The  lattice  parameters  of  the  samples  were  determined  by  Rietveld 
analysis  using  the  Maud  (Materials  analysis  using  diffraction) 
software  [12]. 

Scanning  electron  microscopy  (SEM-EDX,  FEI  Quanta  FEG-450) 
was  used  in  order  to  investigate  the  microstructure  and  analyze 
the  surface  phase  composition  of  the  sintered  samples.  All  of  the 
samples  were  coated  with  ultra-thin  gold  film  to  prevent  electro¬ 
static  charge  on  the  surface. 

Density  measurements  of  the  sintered  pellets  were  achieved  by 
using  the  Archimedes  method.  Briefly,  dry  pellet  weight  (Wi), 
beaker  weight  with  a  copper  wire  immersed  into  ultra  high  pure 
water  (W2)  and  beaker  weight  with  a  copper  wire  and  pellet 
immersed  into  ultra  high  pure  water  ( W3)  were  determined  and  the 
densities  of  the  pellets  (dp)  were  calculated  according  to  the 
equation  given  below: 


dp  =  p  x 


Wi 


(W3  -  W2) 


(i) 


where  p  is  the  density  of  the  water  (27  °C)  that  was  filled  into  the 
beaker.  The  theoretical  density  was  calculated  using  the  following 
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Fig.  1.  XRD  patterns  of  the  calcined  SmxCao.2-xCe0.80y  samples. 
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Table  1 

Structural  characterization  results  of  the  SmxCa0.2-xCeo.80j/  mixed  oxide  samples. 
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Composition 

Lattice  parameter  (A) 

Average  crystallite  size  (nm) 

Grain  size  distribution  (pm) 

Theoretical  density  (gem  3) 

Measured  density  (g  cm  3) 

Sm0.2Ceo.80x 

5.433  ±  1.86E  -  4 

24.1 

0.6-6 

7.15 

6.96 

Sm0.i  5Cao.05Ceo.8Ox 

5.432  ±  1.4E  -  4 

28.7 

n.d. 

6.91 

6.75 

Sm0.iCao.iCe0.80x 

5.430  ±  1.53E  -  4 

27.5 

0.5— 3.2 

6.67 

6.53 

Smo.osCao.i  sCeo.sOx 

5.412  ±  2.28E  -  4 

29.8,  33. 6a 

0.53-2.78 

6.6 

6.52 

Cao.2Ceo.80x 

5.407  ±  2.05E  -  4 

32,  41.9a 

0.4-1.91 

6.46 

6.38 

n.d.  Grain  size  couldn’t  be  observed  clearly  through  SEM  photographs. 
a  CaO  average  crystallite  size  determined  from  XRD  measurements. 


equation,  considering  that  Sm+3  or  Ca+2  (to  a  certain  limit  which  is 
determined  from  the  XRD  results)  cations  occupy  the  Ce+4  sites  to 
form  a  solid  solution  with  ceria  [13,14]: 

=  4[(0.8)MCa  +  xMSm  +  (0.2  -  x)MCa  +  (1 .6  +  1 .5x 
+  (0.2  -x))M0]/a3NA  (2) 

where  x  is  the  dopant  concentration,  a  is  the  lattice  constant  of  the 
solid  solution  at  room  temperature,  NA  is  the  Avagadro  constant, 
and  M  denotes  the  atomic  weight.  Additionally,  theoretical  density 
was  corrected  for  the  samples  where  CaO  did  not  form  solid  solu¬ 
tion  according  to  Eq.  (3)  given  below: 

—  =  w1  +  w1 

Pm  Pi  P2 

where  pm  is  the  theoretical  density  of  the  mixture,  W\  and  W2  are 
the  weight  fractions,  p\  and  p2  are  the  theoretical  densities  of  the 
CaO  and  solid  solution,  respectively.  The  relative  density  is  the  ratio 
between  the  measured  density  and  theoretical  density. 


The  electrical  conductivity  of  the  samples  was  obtained  from 
two-probe  impedance  spectroscopy  (Solartron  1260).  Silver  paste 
was  applied  to  both  sides  of  the  pellets  as  an  electrode  by  firing  at 
800  °C  for  30  min.  Measurements  were  made  every  50  °C  or  100  °C 
interval  in  air  over  the  temperature  range  of  200-800  °C  in  air.  The 
frequency  range  was  10  MHz-10  mHz  with  an  applied  voltage  of 
20  mV. 

3.  Results  and  discussion 

3.1.  XRD,  SEM  and  density  results 

XRD  patterns  of  the  calcined  samples  are  given  in  Fig.  1.  As  could 
be  seen,  20SDC,  5Ca  and  lOCa  samples  show  mainly  ceria  related 
peaks  (JCPDS-081-0792).  These  peaks  are  shifted  towards  higher  20 
values  with  increasing  Ca  content.  Moreover,  these  shifting  are 
more  apparent  for  15Ca  and  20Ca  samples  which  show  small  CaO 
related  peaks  (JCPDS-082-1691). 

It  is  known  that  incorporation  of  dopants  into  the  ceria  lattice 
result  with  the  change  of  lattice  parameter  which  cause  small 


Fig.  2.  SEM  photographs  of  the  sintered  samples  at  1200  °C  for  6  h  a)  20SDC,  b)  5Ca,  c)  lOCa,  d)  15Ca,  e)  20Ca. 
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Table  2 

Inner  and  outer  surface  phase  composition  results  of  the  sintered  samples  deter¬ 
mined  by  SEM-EDX. 


Composition 

Inner  surface  (atomic 
ratios)  (%) 

Outer  surface  (atomic 
ratios)  (%) 

Sm 

Ca 

Ce 

Sm 

Ca 

Ce 

Sm0.2Ce0.sOx 

22.14 

- 

77.86 

22.97 

- 

77.03 

Smo.15Cao.05Ceo.8Ox 

15.89 

6.08 

78.03 

11.19 

36.36 

52.45 

Smo.iCao.iCeo.sOx 

11.10 

12.28 

76.62 

11.50 

7.16 

81.34 

Smo.05Cao.15Ceo.8Ox 

6.67 

16.22 

77.11 

6.75 

17.86 

75.39 

Cao.2Ceo.8Ox 

- 

22.22 

77.78 

- 

20.81 

79.19 

changes  in  XRD  results  [10].  This  is  due  to  the  differences  in  ionic 
radii  of  Sm+3  (1.08  A),  Ca+2  (1.12  A)  and  Ce+4  (0.97  A)  [15]  assuming 
that  each  ion  has  a  coordination  number  of  8.  Calculated  lattice 
parameters  are  given  in  Table  1.  The  largest  lattice  parameter  is 
5.433  A  for  20SDC  (and  the  smallest  for  the  20Ca)  and  decreases 
with  the  incorporation  of  Ca+2  into  the  ceria  matrix.  Normally,  it  is 
expected  that  the  lattice  parameter  might  increase  due  to  the 
incorporation  of  an  ion  with  a  higher  ionic  radii  (Ca+2  >  Sm+3).  In 
our  case,  the  lattice  parameter  decreases  in  the  reverse  order.  It’s 
important  to  note  that  although  we  increased  the  amount  of  CaO  in 
ceria  matrix  we  also  decreased  the  amount  of  Sm203  at  the  same 
degree.  Therefore,  our  results  imply  that  the  replaced  Ca+2  ions 
were  not  expand  the  ceria  matrix  as  much  as  Sm+3  ions.  Maybe  the 
coordination  number  of  Ca+2  is  less  than  8  therefore  the  ionic 
radius  is  smaller  than  the  theoretical  value  when  they  are  incor¬ 
porated  with  Sm+3  into  the  ceria  matrix.  Although  this  situation 
will  remain  unclear,  there  are  some  results  in  literature  that 


supports  the  idea.  Dudek  [8],  found  that  the  lattice  parameter  of 
Cei_xSmx02  material  was  always  higher  than  the  Cei_x(- 
Cao.5Smo.5)*02  with  increase  of  the  x  value.  Huang  et  al.  [16], 
prepared  Sm  or  Ca  doped  ceria  materials  by  hydrothermal  method 
and  it  was  found  that  the  lattice  parameters  of  Sm  doped  ceria  were 
higher  than  the  Ca  doped  ceria  with  the  same  doping  amount. 
These  results  strongly  suggest  that  Ca+2  could  not  expand  the 
lattice  as  much  Sm+3  ions.  Conversely,  Banerjee  et  al.  [7]  found  that 
the  lattice  parameter  increased  to  certain  extent  as  they  increased 
the  Ca  content  and  decreased  the  Sm  content  at  the  same  degree. 
They  also  claimed  that  all  Ca  formed  solid  solution  with  Sm  and  Ce 
by  interpreting  the  XRD  results.  We  found  that  CaO  could  not 
dissolve  into  the  ceria  matrix  after  the  exact  value  of  9.4  mol%  by 
using  the  reference  intensity  ratio  method  where  J/Jc  values 
determined  from  the  XRD  results  of  15Ca  and  20Ca  (containing  only 
Ca  as  a  dopant)  samples.  In  literature,  there  are  many  different 
results  about  the  CaO  solubility  in  ceria  matrix.  It  is  reported  that 
the  solubility  limit  is  23  mol%  for  temperatures  in  the  range  of 
1450-1650  °C  [17],  is  below  than  20  mol%  for  temperatures  lower 
than  1400  °C  [18],  is  15  mol%  at  1600  °C  [19]  and  little  below  than 
the  10  mol%  at  1000  °C  after  kept  at  that  temperature  for  40  days 
[20].  The  latter  outcome  is  consisted  with  our  results  and  implies 
that  the  lattice  parameter  could  not  increase  after  10  mol%  CaO 
incorporation. 

Obtained  average  crystallite  diameters  are  between  27  and 
32  nm,  which  are  close  to  the  results  obtained  with  many  different 
complex  methods  like  hydrothermal  [16]  and  co-precipitation  [21]. 

Density  results  in  Table  1  show  that  the  samples  are  well  sin¬ 
tered  and  their  relative  densities  are  higher  than  97%.  Incorporation 


Fig.  3.  SEM  photographs  and  related  elemental  mappings  of  the  sintered  samples  at  1200  °C  for  6  h  (green  dots  -  Ce;  red  dots  -  Ca;  blue  dots  -  Sm:  for  all  samples  except  20SDC) 
a)  20SDC  (red  dots  -  Ce;  green  dots  -  Sm),  b)  5Ca,  c)  lOCa,  d)  15Ca,  e)  20Ca.  [For  interpretation  of  color  referred  in  this  figure  legend,  the  reader  is  referred  to  web  version  of  the 
article.] 
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Fig.  4.  Nyquist  plots  of  20SDC  and  lOCa  samples  at  different  temperatures. 


of  CaO  did  not  affect  the  sinterability  of  the  electrolytes  negatively, 
besides  slightly  improved  the  sinterability.  The  required  tempera¬ 
ture  to  obtain  highly  dense  electrolytes  (>97%)  with  simple  cellu¬ 
lose  templating  method  is  400  °C  lower  than  the  conventional  solid 
state  method  [22]  and  close  to  the  costly  hydrothermal  method  [7] 
which  shows  the  effectiveness  of  this  preparation  method. 

SEM  pictures  of  the  outer  surfaces  of  sintered  samples  are 
given  in  Fig.  2.  It  could  be  seen  that  the  SDC  sample  is  well  sin¬ 
tered.  Although,  the  sinterability  of  5Ca  sample  seems  to  be  the 
worst  amongst  others,  this  conclusion  is  misleading  as  could  be 
seen  from  the  density  results.  Interestingly,  CaO  segregated  on  the 
outer  surface  of  the  5Ca  sample  and  close  to  the  theoretical 
composition  on  the  inner  surface  according  to  the  EDX  analysis 
which  is  given  in  Table  2.  Although  we  performed  the  synthesis  of 
the  powders  and  the  remaining  procedure  twice  the  result  was 
the  same  which  shows  there  that  was  no  error  during  synthesis.  It 
could  be  the  result  of  the  preparation  method  or  maybe  there  is 
a  lower  solubility  limit  for  CaO  in  ceria  matrix  which  could  not  be 
detected  by  XRD  analysis  although  there  was  no  report  for  such 
behavior  [7]  and  will  be  investigated  in  our  next  work.  lOCa 
sample  shows  more  uniform  and  dense  structure.  Dark  fields 
represent  the  CaO  excess  grains  [21]  (also  could  be  well  seen  in 
Fig.  3d,  e)  and  there  is  no  observable  secondary  CaO  phase.  But,  it 
could  be  seen  that  both  15Ca  and  20Ca  samples  contain  great 
amounts  of  CaO  excess  grains  and  CaO  secondary  phases.  These 
results  are  in  accordance  with  the  XRD  results  as  we  found  the 
solubility  limit  of  CaO  9.4  mol%. 

Additionally,  we  performed  elemental  mapping  analysis  for  all 
samples  in  order  to  observe  the  distribution  of  the  oxides  visually.  It 
could  be  seen  that  Sm203  is  homogenously  dispersed  in  Ce02  for 


20SDC  sample  in  Fig.  3.  Although  Sm203  is  well  distributed,  there 
are  huge  clusters  of  CaO  on  the  outer  surface  of  5Ca  sample. 
Distribution  of  both  Sm203  and  CaO  are  uniform  on  lOCa  sample. 
But  as  the  CaO  amount  increased  to  15  mol%  and  20  mol%  clusters  of 
CaO  could  be  observable  on  15Ca  and  20Ca  samples  respectively. 
Insoluble  CaO  in  Ce02  existed  as  a  second  phase  and  forms  small 
clusters  which  could  be  detrimental  for  ionic  conductivity. 

Grain  size  distributions,  which  are  determined  from  the  SEM 
photos  in  Fig.  2,  are  specified  in  Table  1.  It  is  clear  that  the  size 


Temperature  (°C) 


Fig.  5.  Conductivity  results  of  the  SmxCa0.2-xCe0.8Oy  samples. 
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Fig.  6.  Arrhenius  plot  of  20SDC  sample. 


distribution  gets  narrower  with  the  increasing  of  CaO  amount 
where  insoluble  CaO  suppresses  the  grain  growth  by  blocking  the 
way  as  they  form  independent  grains  for  15Ca  and  20Ca  samples. 

3.2.  Impedance  results 

Impedance  spectroscopy  is  a  powerful  tool  to  study  the  elec¬ 
trical  properties  of  solid  electrolytes.  In  addition  to  the  total  ionic 
conductivity,  it  is  also  possible  to  get  the  information  about  the 
electrode  process  and  in  the  case  of  polycrystalline  samples,  the 
separate  contributions  of  the  bulk  and  the  grain-boundary 
resistance. 


In  Fig.  4,  typical  results  obtained  from  impedance  measure¬ 
ments  are  given.  Real  component  (Re(Z))  plotted  against  imaginary 
component  (Im(Z))  is  called  Nyquist  plot  which  is  obtained  by 
applying  a  small  sinusoidal  voltage  across  the  sample  and 
measuring  the  amplitude  and  phase  angle  (0)  of  the  current.  At  low 
temperatures  between  200  and  350  °C,  three  arcs  could  be 
observed  in  the  Nyquist  plot.  It  was  found  that  the  capacitance 
values  were  in  the  range  usually  expected  (10-11-10-8  F)  for 
resistive  grain-boundary  processes  [23].  The  capacitance  of  the 
grain-relaxation  process  is  much  smaller  compared  to  that  of  the 
grain  boundary  and  is  typically  in  the  range  of  picofarads  [23]. 
Flence,  we  have  considered  the  resistance  corresponding  to  arc  (1) 
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Fig.  7.  Arrhenius  plot  of  lOCa  sample. 
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(see  Fig.  4)  as  the  bulk  (grain  interior  or  lattice)  resistivity,  arc  (2)  as 
the  grain  (grain-boundary)  resistivity  and  arc  (3)  as  the  electrode 
resistivity.  As  the  temperature  increases,  arc  (1)  corresponding  to 
bulk  resistivity  disappears  and  only  grain  and  electrode  resistivity 
are  observable  (between  400  and  500  °C).  Still,  bulk  resistivity 
could  be  calculated  by  measuring  the  distance  between  the  vertical 
axis  and  the  interception  point  of  the  impedance  semicircle,  cor¬ 
responding  to  the  grain  with  the  horizontal  axis.  After  500  °C,  only 
the  semicircle  corresponding  to  electrode  remains  and  it  is 
impossible  to  determine  the  bulk  or  grain  resistivity  separately. 
Therefore,  only  the  total  resistivity  could  be  calculated  at  higher 
temperatures  than  500  °C. 

Total  conductivity  of  the  samples  is  given  in  Fig.  5  calculated  by 
Eq.  (4): 


^overall  — 


1  l 

^overall  ^ 


(4) 


where  ^overall  is  the  sum  of  bulk  and  grain  resistance,  l  is  the 
thickness  of  the  electrolyte  and  A  is  the  area  of  the  electrodes. 

Total  conductivity  of  the  samples  decrease  according  to  the 
20SDC  >  lOCa  >  15Ca  >  5Ca  >  20Ca  sequence  between  200  °C  and 
700  °C.  But  at  800  °C,  this  sequence  is  changed  and  lOCa  sample 
show  the  highest  conductivity  with  the  value  of  0.032  S  cm-1 
which  is  higher  than  the  20SDC  (0.031  S  cm-1).  Although  the  CaO 
content  of  5Ca  sample  is  lower  than  the  other  Ca  included  samples 
and  its  conductivity  was  expected  to  be  between  20SDC  and  lOCa, 
the  conductivity  is  poor  and  close  to  the  20Ca  sample  due  to  the 
external  surface  of  the  sample  has  much  more  CaO  than  the  ex¬ 
pected  value  which  lowers  the  conductivity  of  the  sample. 

Despite  the  20Ca  sample  give  the  lowest  conductivity  value 
(4  x  10-3  S  cm-1)  at  600  °C,  it  is  much  higher  than  the  value 
(4.2  x  10-4  S  cm-1)  of  the  sample  prepared  by  hydrothermal 
method  with  approximate  compositions  and  higher  sintering 
temperature  (1400-1450  °C  for  6  h)  in  literature  [16].  In  case  of 
20SDC  the  obtained  value  (9.3  x  10-3  S  cm-1)  is  very  close  to  the 
value  (approx.  1  x  10-2  S  cm-1)  obtained  from  another  work  by 
using  solid  state  reaction  and  sintering  at  1640  °C  for  6  h  [22].  These 
results  show  that  cellulose  templating  method  is  an  effective 
method  to  produce  ionic  conductive  mixed  oxides  less  costly  and 
without  giving  much  effort. 

Arrhenius  plots  (according  to  the  equation:  In  oT  =  In  a0  -  Ea//<T) 
of  the  20SDC  and  lOCa  samples  are  given  in  Figs.  6  and  7,  respec¬ 
tively.  The  other  figures  are  not  given  for  brevity  and  instead,  all  the 
results  are  presented  in  Table  3.  In  the  figures,  logarithmic  overall, 
bulk  and  grain  conductivity  multiplied  by  temperature  are  plotted 
against  the  inverse  of  temperature  as  K-1.  According  to  the  results, 
there  are  two  parts  called  as  LT  (low  temperature  regime)  and  HT 
(high  temperature  regime)  where  the  linearity  of  the  plots  change 
and  thus  the  activation  energy  of  the  bulk,  grain  and  overall 
conductivity  change  with  increasing  temperature.  Although  bulk 
and  grain  conductivity  could  be  observable  up  to  500  °C,  the  change 
of  the  activation  energy  begins  at  nearly  400  °C  and  thus  could  be 
calculated  for  the  higher  temperature  regime. 

It  has  been  shown  that  oxygen  ionic  conductivity  in  rare-earth 
(Re+3)-doped  ceria  can  be  represented  by  the  following  equations 
[24]; 

/AHm  -  AHA 

at  low  temperatures  a  =  y-e  V  )  (5) 


at  high  temperatures  a  =  *y e  V  J  (6) 


where  AHm  is  the  migration  enthalpy  of  the  oxygen  ions  and  A Ha  is 
the  association  enthalpy  of  the  dopant  ion  with  the  oxygen 


Table  3 

Calculated  activation  energies  of  SmxCao.2-xCeo.8Oy  mixed  oxide  samples. 


Composition 

E  (bulk)  (eV) 

E  (grain) 

(eV) 

E  (overall)  (eV) 

LT 

HT 

LT 

HT 

LT 

HT 

Ea 

Smo.2Ceo.8Ox 

0.86 

0.77 

0.94 

1.12 

0.9 

0.58 

0.32 

Smo.15Cao.05Ceo.8Ox 

0.93 

0.76 

0.98 

1.07 

0.95 

0.82 

0.13 

Smo.iCao.iCeo.sOx 

0.94 

0.67 

1.01 

1.21 

0.96 

0.66 

0.3 

Smo.osCao.i  sCeo.sOx 

0.86 

0.64 

0.97 

1.22 

0.92 

0.75 

0.17 

Cao.2Ceo.8Ox 

0.94 

0.73 

1.03 

1.03 

0.98 

0.83 

0.15 

LT:  low  temperature  regime  (200—500  °C)  HT:  high  temperature  regime 
(500-800  °C). 


vacancies.  Thus  the  activation  energy  for  conduction  becomes  the 
sum  of  activation  energy  for  migration  and  association 
(E  =  Em  +  Ea).  Generally,  it  was  suggested  that  at  higher  tempera¬ 
tures  dopant-oxygen  vacancy  complex  dissociates  completely  to 
free  dopant  cation  and  oxygen  vacancy.  The  concentration  of 
oxygen  vacancy  is  independent  of  the  temperature  and  equals  to 
the  total  concentration  of  dopant  cation.  Therefore,  the  migration 
enthalpy  (Em)  could  be  estimated  from  the  slope  of  Arrhenius  plots 
in  the  higher  temperature  regime.  The  association  enthalpy  (Ea) 
could  be  calculated  from  the  differences  of  the  slopes  at  higher  and 
lower  temperature  regime  [25].  According  to  this,  the  sample 
having  the  lowest  migration  enthalpy  and  the  highest  association 
enthalpy  would  have  the  highest  conductivity.  As  could  be  seen 
from  Fig.  6  and  Table  3,  there  is  a  strong  relationship  between  the 
conductivity  and  the  association  enthalpy  of  the  samples.  As  the 
20SDC  and  lOCa  show  approximate  conductivity  values,  their 
association  enthalpy  values  differ  slightly.  The  correlation  with 
conductivity  and  association  enthalpy  follows  the  same  order  for 
the  other  samples.  Also,  it  seems  that  the  bulk  conductivity  is 
dominant  at  higher  temperatures  as  the  overall  activation  energy 
values  are  partially  close  to  bulk  activation  energy  values.  Only 
20SDC  is  an  exception  and  it  is  most  likely  that  the  disappearance  of 
the  bulk  resistivity  at  500  °C  led  to  the  miscalculation  of  the  acti¬ 
vation  energy  of  bulk  conductivity  at  higher  temperatures.  There¬ 
fore,  it  could  be  said  that  the  grain  size  distribution  or  grain  size  has 
a  little  effect  on  the  performance  of  the  samaria  or  calcia  doped 
ceria  samples  as  long  as  the  density  of  the  samples  are  high.  The 
most  important  part  is  the  bulk  composition,  and  it  seems  9.4  mol% 
CaO,  which  is  the  solubility  limit  in  ceria  (determined  from  the  XRD 
results),  is  the  optimum  value  for  co-doping  with  Sni203.  Thus,  it 
could  be  possible  to  obtain  less  costly  and  more  stable  ceria  based 
electrolytes  with  close  performance  to  Sm0.2Ce0.sOy. 


4.  Conclusions 

SmxCao.2-*Ceo.80y  materials  were  synthesized  by  changing  the 
mol  ratios  of  the  composition  as  x  =  0,  0.05,  0.1,  0.15  and  0.2, 
respectively,  with  a  fast  and  facile  cellulose  templating  method  for 
the  first  time.  It  was  found  that  the  CaO  incorporation  into  the  Ce02 
matrix  is  not  expanding  the  lattice  as  much  as  Sm203.  Maximum 
solubility  limit  of  CaO  in  Ce02  was  found  to  be  9.4  mol%  from  the 
XRD  results.  Relative  densities  of  the  samples  were  found  to  be  97% 
at  1200  °C  for  6  h.  Incorporation  of  CaO  slightly  increases  the 
sinterability  of  the  samples.  Smo.iCao.iCeo.sOy  sample  gave  the 
highest  conductivity  value  of  0.032  S  cm-1  at  800  °C.  Impedance 
results  indicate  that  bulk  conductivity  is  the  dominant  process  at 
higher  temperatures  and  there  is  a  strong  relationship  between  the 
association  enthalpy  and  the  conductivity  of  the  samples.  The 
cellulose  templating  method  could  be  used  as  an  effective  method 
in  order  to  prepare  mixed  oxide  structures  since  the  performances 
of  the  samples  are  higher  than  the  samples  which  were  prepared  by 
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more  complex  or  costly  hydrothermal  and  requires  much  lower 
sintering  temperature  compared  to  solid  state  reaction  method. 
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